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Observations by the MESSENGER spacecraft on 14 January 2008 have revealed new 
features of the solar system's smallest planetary magnetosphere. The interplanetary 
magnetic field orientation was unfavorable for large inputs of energy from the solar wind 
and no evidence of magnetic substorms, internal magnetic reconnection, or energetic 
particle acceleration was detected. Large-scale rotations of the magnetic field were 
measured along the dusk flank of the magnetosphere and ultra-tow frequency waves were 
frequently observed beginning near closest approach. Outbound the spacecraft 
encountered two current-sheet boundaries across which the magnetic field intensity 
decreased in a step-like manner. The outer current sheet is the magnetopause boundary. 
The inner current sheet is similar in structure, but weaker and -1000 km closer to the 
planet. Between these two current sheets the magnetic field intensity is depressed by the 
diamagnetic effect of planetary ions created by the photo-ionization of Mercury's 
exosphere. 
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The MErcury Surface, Space ENvironment, GEochemistry, and Ranging 
(MESSENGER) spacecraft made the first of three flybys of Mercury on 14 January 2008 
(1) and new observations of Mercury's magnetosphere were taken by the Magnetometer 
(MAG) (2), Energetic Particle and Plasma Spectrometer, which is composed of the 
Energetic Particle Sensor (EPS) and Fast Imaging Plasma Sensor (FIPS) (3) and X-Ray 
Spectrometer (XRS) (4) instruments. Companion papers present detailed analyses of the 
intrinsic planetary magnetic field (5), the composition and intensity of the plasma ion 
populations (6), and the properties of the neutral exosphere (7). Here we report progress 
in our understanding of Mercury's magnetosphere that has resulted from the 
measurements taken during MES SENGER's first flyby. 
The intrinsic magnetic field of Mercury was discovered by Mariner 10 during its 
1974 and 1975 flybys. A dipole moment of - 200 - 350 ~ T - R M ~  (8) was determined and 
found to standoff the typical solar wind at an altitude of - 0.5 RM (1 RM - 2440 km). The 
interaction of this dipole with the solar wind and embedded interplanetary magnetic field 
(IMF) produce the magnetosphere. Fig. 1 displays a schematic view of Mercury's 
magnetosphere derived from the Mariner 10 observations (9) to which new features 
discovered by MESSENGER have been added. 
An overview of the magnetospheric measurements collected by 
MESSENGER on 14 January 2008 is provided in Fig. 2. The top seven panels show 
magnetic field components, angular direction, and RMS variation. The eighth panel 
displays the relative distribution of sodium ion (Na") counts measured by FIPS (6). The 
ninth panel graphs the fluxes of energetic electrons in the 36 to 65 keV energy range 
measured by EPS. The bottom panel displays count rate from the three gas proportional 
counters (GPC) of XRS. 
The presence of the magnetosphere as an obstacle to the solar wind is signaled by 
the inbound (not shown) and outbound bow shock (BS) crossings at 18:08:38 and 
19: 1855, respectively. Prior to the inbound magnetopause (MP) crossing at 18:42:57 the 
last extended interval of southward (negative) B, in the magnetosheath lasted - 4 min, 
ending at 18:38:40. The magnetosheath magnetic field was also observed to be generally 
northward following the exit from the magnetosphere at 19: 14: 15 where the local time 
was 06:12. A northward IMF is unfavorable to dayside magnetic reconnection with 
Mercury's magnetic field and greatly limits the rate of solar wind energy transfer across 
the magnetopause (9). The earlier southward IMF interval(s) prior to MESSENGER'S 
entry into the magnetosphere is expected to have produced strong energetic particle 
acceleration much as had been observed during Mariner 10's first flyby (9). The lack of 
measurable energetic electrons within the magnetosphere during MESSENGER'S flyby 
(Fig. 2) indicates that dwell time of energetic electrons and ions (not shown) is less than 
the - 4 min between the end of southward IMF and the entry into the magnetosphere. 
MESSENGER observed a well-defined flux transfer event (FTE) between 
18:36:2 1 and 18:36:25 during the inbound magnetosheath passage (Fig 2). FTEs are 
produced by localized magnetic reconnection between the IMF and the planetary 
magnetic field at the magnetopause (10). The high time resolution magnetic field data in 
Fig. 3A shows that this FTE was indeed observed following a brief interval of southward 
IMF. Its flux rope topology is apparent with the helical magnetic field surrounding and 
supporting the core region indicated by the bi-polar By signatures and the strong core 
field largely seen in Bz. Given a typical anti-sunward magnetosheath flow speed of - 300 
k d s  and the duration of the event, - 4 sec, the size of this MESSENGER FTE is -1200 
km or -0.5 RM. Relative to Mercury's magnetosphere, this FTE is - 10 times that 
typically found at the Earth (1 1). This result supports predictions that finite gyro-radius 
effects in Mercury's srnall magnetosphere will lead to relatively large FTEs (12). 
The inbound magnetopause crossing into Mercury's magnetotail is identified (Fig. 
2) by a rapid transition to a quieter magnetic field directed predominantly northward, but 
with a longitude angle near 0 degrees, indicating that the spacecraft entered through the 
dusk flank of the tail into the central plasma sheet (13). The dominance of the B, 
component over the B, and By and the sunward longitude angle indicate that 
MESSENGER was initially located just north of the center of the cross-tail current sheet 
(Fig, 1). The high ratio of thermal to magnetic pressure typical of this region (13) is 
evident from the weakness of the magnetic field intensity in Mercury's tail at this point 
relative to the draped IMF in the adjacent magnetosheath. 
Between 18:47 and 18:49 the longitude angle of the magnetic field rotates from 0 
deg (i.e. sunward) to near 180 deg (anti-sunward). This change indicates that 
MESSENGER moved southward through the cross-tail current sheet consistent with its 
trajectory in Fig. 1. Around 19:OO the spacecraft altitude fell below - 800 km and the 
magnetic field intensity began to increase quickly as MESSENGER moved into the 
region dominated by Mercury's dipolar planetary magnetic field (5,8). The increase in the 
magnetic field continued though closest approach and then began to decrease until 
MESSENGER exited the magnetosphere at 19: 14: 15 just forward of the dawn terminator 
at a local time of 06: 12. 
Examination of the high resolution magnetic field longitude angle in Fig. 3B 
shows one 360 deg and several 180 deg rotations of the magnetic field in the X-Y plane 
between 18:43 and 18:46. The durations of the individual rotations ranged from - 10 sec 
to 25 sec. Such rotations of the magnetic field in the Earth's tail near the interface 
between the flanks of the plasma sheet and the magnetosheath are believed due to 
hydromagnetic "vortices" driven by the magnetohydrodynamic Kelvin-Helmholtz (K-H) 
instability with signatures similar to those seen in the MESSENGER observations (14). 
The twisting of the magnetic field in these vortices can be so severe that these flux tubes 
disconnect from the magnetosheath, allowing the solar wind plasma they contain to 
become incorporated into the plasma sheet (15). For these MESSENGER events, the 
implied scale lengths are - 0.6 to 1.5 RM or - 0.4 to 1 times the planetocentric distance to 
the nose of Mercury's magnetopause. This is smaller than similar features at Earth 
relative to the dimensions of their respective magnetospheres by a factor of 3 to 8 
(14,15). 
The FIPS measurements show that ~ a '  (Fig. 2) and other ion species (8) 
throughout the magnetosphere is evident in Fig. 2. The coupling between these photo- 
ions and the magnetosphere has been the subject of extensive theory and modeling 
investigations (1 6,17,18,19) since neutral Na was first detected telescopically from Earth 
(20). The peaks in ~ a '  flux just outside of the inbound and outbound magnetopause 
crossings (Fig. 2) demonstrate that the neutral sodium atmosphere extends well beyond 
the magnetosphere where, upon becoming ionized, it is promptly "picked-up" and 
accelerated by the solar wind. The gyro-radii of ~ a ' ,  and the other planetary ions are 
expected to be significantly less than the dimensions of the magnetosphere. For this 
reason the broad maximum in NaT ion counts across the nightside magnetosphere (Fig 2) 
strongly suggests that these ions are becoming assimilated into the plasma sheet and 
carried sunward by magnetospheric convection. How planetary ions as heavy as ~ a +  can 
be scattered and ''therrnalized" so that they move with the dominant HI ions (6) is not 
understood (21) and will be the subject of further study. The Nai ion counts maximize 
around closest approach (Fig. 2) and remain high across the dawn magnetosphere due to 
strong decrease in atmospheric neutral density going from the dayside of the planet into 
the nightside Na "tail" (7). 
During the approach to Mercury there are several intervals where the magnetic 
field decreased and the RMS variations increased (see horizontal bars in Fig. 2). Such 
magnetic field variations are generally indicative of the growth of plasma waves 
stimulated by enhanced plasma density andlor temperature (12). The diamagnetic nature 
of these decreases is supported by the XRS measurements in that around 19:00 there is an 
increase in the XRS count rate that closely correlates with the first of these intervals (Fig. 
2). The increase in XRS counts seen near 1900 are believed to be due to electron induced 
fluorescence in the Mg- and Al-filtered GPC and bremsstrahlung in both the Be window 
of the unfiltered GPC and the Be-Cu collimator in front of all three GPC. The intensity 
of the signal and the lack of fluorescence in the Cu in the collimator, strongly suggests 
that the cause is electron flux in the energy range -1-10 keV. A similar response was 
seen in the GPC on the NEAR spacecraft during passage through the Earth's radiation 
belts in January 1998 (23). The presence of enhanced fluxes of 1 - 10 keV electrons is 
consistent with these night side diamagnetic decreases being due to encounters with 
regions of enhanced hot plasma density. 
The strongest magnetic field decrease occurs following the narrow, 
magnetopause-like current sheet encountered at 19: 10:35 (Fig. 4A). The orientations and 
thicknesses of this current sheet and the later magnetopause current sheet are very 
similar. They differ primarily in intensity with the inner current sheet being only about 
half as strong the magnetopause current sheet. The difference in altitude between these 
two current sheets is - 1000 km. Once again, the enhanced RMS variations in the 
magnetic field strongly suggest that this region of decreased magnetic field intensity 
between these two current sheets is the presence of enhanced plasma pressure. 
This "double magnetopause" signature in the MESSENGER magnetic field is a 
completely new and unexpected feature that has not been observed previously at Mercury 
or any other planetary magnetospheres. The decrease in the magnetic field in the outer 
part of the dawn side magnetosphere may be due to the diamagnetic effect of locally 
created planetary ions and continuously lost to sunward magnetospheric convection. 
However, it is not apparent how the creation of these pick-up ions would produce the 
gradients in plasma pressure necessary to support the narrow inner current sheet (Fig. 
4A). Alternatively, the inner current sheet could be caused by hot planetary ions that 
enter the magnetosphere after being picked-up and accelerated by the fast solar wind flow 
in the magnetosheath. At the dawn terminator the magnetosheath flow speed would 
typically be - 300 M s .  For ~ a + ,  the depth of penetration into the magnetosphere would 
be - 1 gyro-radius or - 1000 km, a value comparable to the observed thickness of the 
region of depressed magnetic field intensity as observed. The thermal temperature of 
pick-up ions is equal to the speed of the local flow, generally expected to be equal to the 
E x B drift speed associated with the cross-magnetosphere potential drop imposed by the 
solar wind, - 10 kV under normal conditions (3). The corresponding convective flow 
speed is then of order - 10 M s ,  and planetary ions picked up in the magnetosheath 
along the flanks of the magnetosphere will have a higher temperature by a factor of order 
100 (i.e. T, =: vth2) as compared with planetary ions created inside the magnetosphere. 
Hence, a planetary ion of a given mass accelerated in the magnetosheath will generate 
-100 times the thermal pressure of a similar ion picked up in the magnetosphere. 
Additional observations are necessary to determine if the double magnetopause feature is 
always present, and how it changes with latitude and longitude over the surface of the 
magnetosphere, with changing neutral atmosphere densities, and upstream IMF and solar 
wind conditions. However, as depicted in Fig. 1, the existence of additional 
magnetopause current sheets may be indicative of the presence of a planetary ion 
boundary layer(s) to be resolved by future observations. 
The ion pick-up process produces distribution functions that are unstable to the 
growth of ion cyclotron waves and other plasma-wave modes (23). A Na- cyclotron 
period is - 20 sec in Mercury's outer magnetosphere, so during spacecraft flybys the 
dwell time is marginal for detection of plasma waves generated tjy heavy planetary ions 
(21). No clear wave trains near the Na" cyclotron fiequency are present in the 
MESSENGER measurements, consistent with Mariner 10 observations (2 1). 
MESSENGER did, however, observe ultra-low frequency (ULF) waves packets 
with frequencies just below the proton cyclotron fiequency (Fig. 4B). They appear 
similar to the very brief interval of ULF waves observed by Mariner 10 near closest 
approach during its first encounter (24). However, MESSENGER found these ULF 
waves to be very common around and following closest approach, These waves often 
appear as "packets" with amplitudes up to - 10 nT peak-to-peak (Fig. 4B). During the 
outbound portion of the first Mariner 10 flyby these ULF waves may have been masked 
by the large amplitude fluctuations attributed to substorm activity (9). The third Mariner 
10 flyby occurred during northward IMF and experienced relatively calm magnetic fields 
against which such ULF waves would have been readily observable, but this flyby took 
place at relatively high latitudes. For these reasons, the MESSENGER and Mariner 10 
measurements suggest that these emissions may be confined to the low-latitude 
magnetosphere. 
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Figure Legends 
Fig:. I. A schematic view of Mercury's magnetosphere high-lighting the new features and 
phenomena including planetary ion boundary layer, large flux transfer events, flank 
Kelvin-Helmholtz vortices, and ultra-low frequency plasma waves. The encounter 
trajectory of the spacecraft is displayed qualitatively. 
Fig. 2. Overview of the MESSENGER measurements magnetospheric measurements taken by 
the magnetometer (MAG), fast ion plasma spectrometer (FIPS), energetic particle 
spectrometer (EPS), and x-ray Spectrometer (XRS). Closest approach (CA) was at an 
altitude of 201.5 km at 19:04:39 very near local midnight f00:04 local time). The magnetic 
field in Mercury Solar Orbital (MSO) coordinates is displayed in the top panels along with 
the latitude and longitude direction angles and the root-mean-squared (RMS) magnitude 
calculated over 3 s interval. The MSO coordinate system is defined as XMSO directed from 
the center of the planet toward the Sun, ZMso normal to Mercury's orbital plane and 
positive toward the north celestial pole, and YMso positive in the direction opposite to 
orbital motion. The longitude angle of the magnetic field is defined to be 0 deg toward the 
Sun increasing in a counter-clockwise looking down from the north celestial pole. The 
magnetic field latitude is + 90 deg when directed northward and 0 deg when it is in the 
XMSO -YMSO plane. 
Fig. 3A. MESSENGER magnetic field observations of a large flux transfer event in Mercury's 
magnetosheath. 
Fig. 3B. Magnetic field observations of magnetic field rotations due to Kelvin-Helmholtz driven 
plasma vortices on the flanks of magnetosphere. 
Fig. 4A. Magnetic field observations of the inner current sheet and magnetopause boundaries 
observed as MESSENGER exited the dawn side magnetosphere near the dawn 
terminator. 
Fig. 4B. Magnetic field observations containing examples of the ULF waves detected in 
Mercury's magnetosphere. 
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